Bacteriophage tailspike proteins mediate virion absorption through reversible primary receptor binding, followed by lipopolysaccharide or exopolysaccharide degradation. The Escherichia coli O157:H7 bacteriophage CBA120 genome encodes four distinct tailspike proteins, annotated as ORFs 210 through 213. Previously, we reported the crystal structure of ORF210 (TSP1). Here we describe the crystal structure of ORF212 (TSP3) determined at 1.85 Å resolution. As observed with other tailspike proteins, TSP3 assembles into a trimer. Each subunit of TSP3 has an N-terminal head domain that is structurally similar to that of TSP1, consistent with their high amino acid sequence identity. In contrast, despite sharing a β-helix fold, the overall structure of the C-terminal catalytic domain of TSP3 is quite different when compared to TSP1. The TSP3 structure suggests that the glycosidase active site resides in a cleft at the interface between two adjacent subunits where three acidic residues, Glu362 and Asp383 on one subunit, and Asp426 on a second subunit, are located in close proximity. Comparing the glycosidase activity of wild-type TSP3 to various point mutants revealed that catalysis requires the carboxyl groups of Glu362 and Asp426, and not of Asp383, confirming the enzyme employs two carboxyl groups to degrade lippopolysaccharide using an acid/base mechanism.
Results and Discussion
Protein oligomerization state, stability, and protease sensitivity. Analytical size-exclusion chromatography of purified TSP3 revealed a single homogeneous peak at ~270 kDa, suggesting that TSP3 forms oligomers in solution (the calculated monomer molecular weight is 68,662 Da for the 6X-His tagged protein), although the accuracy of the method is insufficient to determine the exact oligomeric state. The crystal structure reported here clearly shows that similar to all other tailspike proteins with known structures 12 , TSP3 forms a trimer.
Results from far-ultraviolet circular dichroism (CD) spectroscopy show TSP3 adopts an overall β-fold. When heated from 20 °C to 95 °C, the protein unfolded cooperatively with a T m of 61.8 °C (Fig. 1a) . Interestingly, the TSP3 T m value is significantly lower than those reported for other tailspikes. High thermal stability of tailspikes, thought to be required to upstand harsh environmental conditions, has been reported in the literature for TSP1 of CBA120 (T m = 80.7 °C), the TSP of P22 (T m = 88.4 °C) and the TSP of HK620 (T m = 80 °C) 11, 13, 14 .
Tailspikes are characteristically tolerant of anionic detergents and protease insensitive. To determine if this is true for TSP3, the protein was first treated with lithium dodecyl sulfate at room temperature or 100 °C for 10 min. Results from SDS-PAGE showed that TSP3 maintained its trimeric association when exposed to the detergent at room temperature (Fig. 1b, lane 6) . Dissociation of TSP3 trimers into individual monomers required an additional boiling step after LDS treatment (Fig. 1b, lane 5) . Next, protease susceptibility of TSP3 was determined. BSA, which is protease sensitive, was used as a control. Following 24 h incubation at 37 °C, the BSA control was completely digested by both tyrpsin (Fig. 1b , lane 2) and chymotrypsin (Fig. 1b, lane 3) . Treating TSP3 with trypsin (Fig. 1b, lane 8) or chymotrypsin (Fig. 1b , lane 10) yielded two protein products, one corresponding to the full-length trimer and the second corresponding to an approximately 50 kDa lower molecular weight species. N-terminal sequencing of the protein extracted from both full-length and lower molecular weight bands revealed intact N-termini. Interestingly, after boiling the trypsin- (Fig. 1b, lane 7) and chymotrypsin-treated (Fig. 1b, lane 9) samples, a single band correlating to the full-length TSP3 monomer was observed. These observations can only be explained by a single cleavage site per trimer in a loop proceeding the head domain and neck, followed by dissociation and degradation of the cleaved catalytic domain, which has a molecular weight of ~50 kDa. Indeed, the structure determination shows that the linker contains solvent-exposed lysine and tyrosine residues (Lys176 and Tyr190, respectively). Interestingly, TSP1, which is resistant to 24 h proteolysis by trypsin and chymotrypsin has an analogous but shorter linker loop that does not contain positively charged or aromatic residues, the preferred residues for cleavage by trypsin and chymotrypsin, respectively 11 .
Overall crystal structure. The TSP3 structure was determined by SAD using the peak wavelength at the Se absorption edge. The structure was refined at 1.85 Å resolution (Table 1 ). TSP3 consists of 627 amino acids followed by six C-terminal histidine residues engineered to facilitate affinity purification. The crystal asymmetric unit contains a biological homotrimer. The N-terminal 13-14 amino acids of each subunit have no associated electron density; thus, these were not modeled. The TSP3 trimer is an elongated structure, approximately 170 × 60 Å, which is broadly divided into the two canonical tailspike domains: (i) the N-terminal head domain (~25% of the polypeptide) and (ii) the C-terminal catalytic domain (~75% of the polypeptide) ( Fig. 2 ). The N-and C-terminal domains of each subunit can be further divided into two subdomains analogous to those assigned to TSP1 structure; the D1 and D2 subdomains of the head domain, and the D3 and D4 subdomains of the catalytic domain 11 . D1 and D2 exhibit the same folds and spatial dispositions as those of the respective CBA120 TSP1 head subdomains (residues 13-96 and 97-154, respectively) (Figs 2 and 3 ). An ensuing α-helix (residues 155-168) links the head domain to the catalytic domain, with the α-helices of the three subunits forming the "neck" of the trimer. Subdomain D3, where the tailspike catalytic site resides, adopts a right-handed β-helix (residues 169-574) ( Fig. 2) . Following a 23 amino acid linker, a small D4 subdomain folds into a 3-stranded antiparallel β-sheet Head domain. The head domain of TSP3 shares 71% sequence identity with that of TSP1 and adopts the same overall fold with a root mean square deviation (rmsd) over 154 α-carbon atoms of 0.5 Å (Fig. 3b ). The head domain also shares high sequence identity with several tailspike proteins from other phages including 97% identity with the Salmonella phage Det7 TSP 3,10 , whose head domain structure has not been determined, and 70% identity with TSP gp63.1 from the non-Ackermannviridae family member E. coli phage G7C, which adopts the same head domain structure but has an entirely different catalytic domain fold and enzymatic function (i.e., deacylation of the LPS) 7 . In addition to Det7, TSP3 head domain homologs of other members of the Ackermannviridae share sequence identities with that of the CBA120 TSP3 head domain as follows: Dickeya phage Limestone (73%), Escherichia phage PhaxI (80%), Salmonella phage PhiSH19 (97%), and Salmonella Phage ViI (94%). Accordingly, their head domains are expected to adopt the same structure as the CBA120 TSP3 head domain.
An N-terminal three α-helix bundle imbedded within the core of the D1 subdomain incorporates a metal ion close to the C-terminus of the bundle along the 3-fold axis of the trimer (Fig. 3c ). The cation coordinates six ligands in an octahedral geometry (one Asn24 side chain from each subunit and three water molecules). The cation-ligand distances vary between 2.1 and 2.2 Å. The octahedral coordination and the cation-ligand distances are consistent with Mg 2+ . A Zn 2+ binds to TSP1 at the same position, but with tetrahedral coordination to three www.nature.com/scientificreports www.nature.com/scientificreports/ histidine residues and a single water molecule 11 . In both TSP1 and TSP3, the cation coordination at the center of the trimer may contribute to the stability of the head domain.
Catalytic domain. The helical neck, a characteristic of all tailspike structures, is followed by the catalytic domain ( Fig. 2) . The 61 N-terminal amino acid residues of subdomain D3 (residues 169-230) form two splayed loops that contain 1-turn, 2-turn, and 3-turn α-helices. This region wraps below the neck such that the loop flanked by the first two α-helices interdigitates between the neck and the D3 subdomain of a partner subunit to enhance subunit-subunit interactions, as observed with TSP1 and other tailspike structures (i.e. HK620 and Sf6 tailspikes) 13, 18 . The 2-turn α-helices (Val193-Asp199) of the three TSP3 subunits form a α-helix bundle along the axis of the neck helical bundle with translational displacement and a tilt relative to the neck helices. The ensuing loop and 3-turn α-helix caps the D3 β-helix, traversing the center of the β-helix cross-section. A similar, although not identical, capping loop and α-helix has been observed in other tailspikes, including TSP1 and the tailspikes of P22, Det6, SF6, and HK620 phages 11, 13, [16] [17] [18] . Interestingly, the structure of pectate lyase, the founding member of the β-helix fold also contains a capping α-helix 19 .
The 3-sided β-helix ( Fig. 2 ) comprises three β-sheets packed approximately in a triangular cross section beginning at residue 231. The β-helix contains 13 and 2/3 helical turns, as the last turn is incomplete. The linkers between β-strands vary in length. Those facing the trimer 3-fold axis are very short (1-3 residues), except for the two N-terminal β-helical turns, which are longer. In contrast, some of the linkers facing solvent are much longer. Notably, two long loops (residues 402-415 and residues 522-533) interact with one another across subunits. These loops block the cleft formed along the interface between two β-helices. The active site is located in the cleft close to these loops, as discussed in the next section.
Even though the D3 overall folds of TSP1 and TSP3 are similar, their structures are quite different in detail. Nevertheless, as with TSP1, the intramolecular core of each TSP3 β-helix is enriched with hydrophobic residues including stacking and edge-to-face aromatic side chains including Phe221 and Phe225 of the capping α-helix followed by Phe276, Tyr253, Phe294, Trp307, Tyr318, Tyr 333, Phe338, Phe348, Phe366, Phe425 ( Fig. 4) . A second cluster includes Trp433, Phe474, Phe492, Phe497, Tyr536, and Phe553 (Fig. 4b ). Some residue placements
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where F o and F c are the observed and calculated structure factors, respectively. R free is computed from 4.94% of randomly selected reflections (8672) and omitted from the refinement. c Correlation coefficient between E c and E o in SHELXD 26 . d Molprobity geometry score and percentile correspond to PDB structures within the refinement resolution range 34 . www.nature.com/scientificreports www.nature.com/scientificreports/ are quite striking because of the tendency of the same side chain to stack one above the other along the β-helix rungs. For example, three cysteine residues (Cys341, Cys369, and Cys389) are positioned adjacently along three consecutive rungs of the internal β-sheet ladder, all adopting the same side chain staggered conformation so that the distances between thiol groups are too long for disulfide bonds. Notably, a positively charged amino acid in the hydrophobic core of the β-helix, Arg343, has no adjacent counter negative charge. Instead, the guanidinium group charge is countered by multiple electrostatic interactions with two backbone carbonyl oxygens (Ser374 and Pro375), a serine hydroxyl group (Ser371), and a water molecule. The guanidinium-ligand distances vary between 2.7 and 3.1 Å.
Intermolecular contacts along the trimer axis are mediated by both hydrophilic and hydrophobic interactions with many internal water molecules that solvate the hydrophilic residues. On the sixth β-helix rung, the three His367 side chains stack edge to face across the 3-fold axis (Figs 4b and 5 ). The three interacting water molecules each form a hydrogen bond to one of these histidine residues. An exquisite salt bridge network along the rungs N-terminal to the His367 cluster includes Arg233, Arg295, Arg320, Arg340, Glu254, Asp296, and Asp319 (Fig. 5a ). In addition, electron density consistent with a tetrahedral ion was assigned as PO 4 −3 as the www.nature.com/scientificreports www.nature.com/scientificreports/ crystallization solution did not contain ammonium sulfate. The phosphate ion coordinates the three Arg295 and three Arg233 side chains at the N-terminus of the β-helix. Multiple water molecules surround the charge network. On a β-helix His367 cluster rung and the adjacent rung, Lys365 and Lys388 each interacts with a neighboring molecule via a backbone carbonyl oxygen and a threonine O γ . Another striking structural feature following the His367 cluster is the stacking of 4 threonine residues (Thr387, Thr421, Thr444, and Thr470) on sequential rungs of the internal β-sheet ladder, each on the C-terminus of a β-strand (Figs 4b and 5b ). All five ensuing turns along the internal trimer interface, on the rungs containing His367 and the four threonine residues listed above, as well as the turns of the rungs preceding His367, have the same conformation.
The 39 amino acid D4 subdomain of TSP3 is one of the smallest when compared to other TSP structures. Furthermore, the fold of the D4 subdomain of TSP3 is very different than that of its TSP1 counterpart. A long D3-D4 linker traverses the β-helix so that D4 is rotated with respect to D3 by approximately 45° and each D4 β-sheet plane intersects two β-helices (Fig. 2, middle) . The core of the D4 β-prism II is lined with three asparagine, tryptophan, and proline residues.
Active site. Despite the shared β-helix fold of the tailspike glycosidase domains, the locations of the active sites vary. For example, the active sites of the tailspikes from phages P22, HK620, and Det7 are located intramolecularly in a shallow depression formed by large loops on the surface of the solvent-exposed β-sheet of each β-helix subunit. Conversely, the active site of the phage Sf6 tailspike is located in a cleft along the interface between two β-helix subunits 13, 17, 18, 20 . Nevertheless, the glycosidase catalytic machinery of these tailspikes always employs the carboxyl groups of two neighboring Asp/Glu amino acid residues, consistent with an acid/base mechanism 21 . Koshland described two glycosidase acid/base mechanisms. The first involves two steps; cleavage of the glycosidic www.nature.com/scientificreports www.nature.com/scientificreports/ bond followed by a water molecule replacing the leaving aglycon. This mechanism results in retention of stereochemical configuration at the anomeric carbon. With the second mechanism, the hydrolytic water molecule binds between the substrate and the base, enabling cleavage of the glycosidic bond to proceed concomitantly with the water attack resulting in inversion of configuration of the anomeric carbon 21 .
Examination of the TSP3 crystal structure did not reveal intramolecular surface pockets flanked by pairs of carboxyl groups where the substrate could bind and be cleaved. However, Glu362 and Asp383 on one subunit and Asp426 on the adjacent subunit are in close proximity within the intermolecular cleft (Fig. 6) . The question was which pair of the three Asp/Glu residues was indispensable for catalysis. The distances between each of the possible carboxylate pairs vary between 6.2 ± 0.1 Å for the three Glu362-Asp383 pairs of the trimer, 6.5 ± 0.2 Å for the Asp383-Asp426 pairs, and 6.8 ± 0.1 Å for the Glu362-Asp426 pairs. By comparison, the two carboxylate groups of hen egg lysozyme, a "retaining" enzyme, are 6.2 Å apart in the 0.92 Å resolution structure (PDB entry 3LZT), whereas those of bacteriophage T4 lysozyme determined at 1.45 Å resolution, which is an "inverting" enzyme, are 7.2 Å apart (PDB entry 4W51). Thus, in contrast to the Koshland model that stipulated carboxy-carboxy distances of ~5 Å and ~10 Å for the retaining and inverting mechanisms, respectively, the experimental distances observed in high resolution crystal structures may differ by as little as 1 Å between the two mechanisms. This is because the hydrolytic water molecule in the inverting mechanism needs not be placed between the anomeric carbon and the base as long as it is oriented appropriately for nucleophilic attack close to the sugar anomeric carbon and is close enough to the base to be activated by the negative charge.
Aromatic residues line the interface along the solvent-exposed edge of the cleft. Those closest to the postulated active center are Tyr335 and Phe392, each on a neighboring molecule ( Fig. 5 ). Other, more remote aromatic residues that line the edge of the cleft include Phe370, Trp344, Tyr324 and Phe322. Aromatic residues are known to stack against sugar pyranose rings, thus the disposition of aromatic side chains along the intermolecular cleft may assist with orienting the LPS chain appropriately for catalysis.
Identification of the TSP3 catalytic residues.
In their role as primary receptor binding proteins, tailspikes are known to bind to, and often cleave or modify, the bacterial LPS. Although tailspikes do not lyse bacterial cells, the thinning of the LPS layer can be viewed as a halo of less density or less opacity on an agar dish embedded with sensitive bacteria. Whereas this does not address the specific glycosidic cleavage site, it does allow for semi-quantitative demonstration and comparison of activity. With this in mind, single, double, and triple replacements of Glu362, Asp383, and Asp426 in TSP3 were generated by site-directed mutagenesis. Using the halo assay, equal weighted amounts of purified wild-type and mutant TSP3 proteins were analyzed (Fig. 7 , Table 2 ) in order to determine which amino acid residues comprise the catalytic machinery. As expected, a halo was observed when spotting wild-type TSP3 (Fig. 7, well 1) , while the buffer only negative control (Fig. 7, well 9 ) was devoid of activity. Similar to the negative control, the TSP3 E362Q:D383N:D426N triple mutant (Fig. 7 , well 8) was incapable of generating a halo, implying glycosidase activity was abolished and thus confirming the location of the active site. Individual TSP3 point mutants were assayed next in order to identify which specific residues are required for catalysis. When compared to wild-type, the TSP3 D383N mutant (Fig. 7, well 3 ) displayed comparable activity, indicating D383 is dispensable for activity, whereas the E362Q (Fig. 7, well 2) and D426N (Fig. 7, well 4 ) mutants exhibited activity defects. Contrary to E362Q:D383N (Fig. 7, well 5 ) and D383N:D426N (Fig. 7, well 7) , the activity of the TSP3 E362Q:D426N double mutant (Fig. 7, well 6 ) was abolished. This result suggests the two essential catalytic residues of TSP3 are E362 and D426, located on two adjacent subunits. The crystal structure shows that the distance between these two carboxylate groups is 6.8 Å, a distance that does not distinguish between "inverting" and "retaining" glycosidase mechanisms. The distances between the three carboxyl groups of Glu362, Asp383, and D426, the candidate catalytic resides that were probed by site-directed mutagenesis, are shown. The hydrogen bond between Glu362 and His334 is also highlighted. Aromatic groups may interact with the substrate pyranose rings. The trimer subunits are colored differently. (b) The partially transparent molecular surface at the active site depicted in the same orientation as in (a) and highlighting key active site residues. As can be seen, the interface between the green and cyan molecules forms a cleft. The trimer contains three such clefts at the three subunit interfaces.
www.nature.com/scientificreports www.nature.com/scientificreports/ The crystal structure of TSP1 suggested that similarly to TSP3, the active site is also located in a pocket formed between the trimer subunits ( Fig. 8) 11 . The pocket contains acidic amino acids, as evident from the vacuum electrostatic potential (calculated with PyMol). We previously proposed that two adjacent glutamic acids that share a proton (Glu456-Glu483) could play a key role in a substrate-assited catalysis 11 . Another acidic residue on the neighboring subunit, ~10 Å away from the glutamic acid pair (Asp313), was not considered at the time, but perhaps could also be involved in catalysis. As of this writing, we have not identified the catalytic residues of TSP1 experimentally. Nevertheless, Fig. 8 shows that the postulated TSP1 active site pocket is displaced along the subunit interface with respect to the confirmed active site pocket of TSP3. In addition, the orientations and positions of the proposed TSP1 catalytic residues differ vastly from those of TSP3. Moreover, the arrangements of surrounding residues that are likely to support catalysis are also different. Taken together, the architecture of the active sites suggests that the catalytic machinery of TSP1 and TSP3 are likely to be quite different even though both may proceed via the acid/base mechanism. TSP3 specificity. By expanding the halo assay to examine other bacterial strains and species, it was found that TSP3 forms halos on both E. coli O157:H7 strains tested (ATCC 7000728 and ATCC 43894). In contrast, TSP3 could not form halos when applied to either a non-O157:H7 strain of E. coli (ATCC 35218) or other Gram-negative bacterial species (K. pneumoniae, P. aeruginosa, A. baumannii). Although the data initially suggested TSP3 displays specificity for the O157:H7 antigen, this tailspike was also capable of inducing halos when using the E. coli mutants TEA023, an O157:H7 knockout mutant of the galU gene, and TEA026, an O157:H7 knockout mutant of the galETKM operon 22 . Because the O157 antigen requires modification of galactose by the galE, galT, galK, and galU gene products, these mutants have been shown to lack the O157 O-antigen. Taken together, TSP3 glycosidase activity does not appear to require the presence of the O157 antigen. Whether TSP3 www.nature.com/scientificreports www.nature.com/scientificreports/ acts on outer core or inner core moieties of LPS remains to be determined. Likewise, it remains elusive which of the remaining three TSPs provides O157:H7 specificity for CBA120.
Materials and Methods
Bacterial strains. Most bacterial strains (Table S1) were purchased from the American Type Culture Collection (ATCC) or other commercial vendors. These include toxigenic (43894) and non-toxigenic (700728) strains of E. coli O157:H7, non-O157:H7 E. coli strains (35218 and BL21), and representative Gram-negative organisms (Klebsiella pneumoniae strain 700603, Pseudomonas aeruginosa strain 27853, and Acinetobacter baumannii strain BAA-1605). E. coli strains TEA023 and TEA026 are ∆glaU and ∆ETKM knockouts, respectively, of the O157 antigen in the EDL933 background and were obtained from Matthew Waldor's laboratory 22 . All E. coli and K. pneumoniae strains were grown in Luria broth while P. aeruginosa and A. baumannii were grown in tryptic soy broth. Glycerol stocks of all strains were stored at −80 °C. TSP3 cloning, expression and purification. The nucleic acid sequence of TSP3 was codon optimized for expression in E. coli, modified to add a C-terminal 6X-His tag, and synthesized by GeneArt (Invitrogen). The gene was sub-cloned into a pBAD24 expression vector, and the resulting clone was used to transform Rosetta-gami ™ 2 competent cells 23 . The transformed cells were used to inoculate 2x yeast extract tryptone (YT) medium supplemented with 200 μg/mL ampicillin at 37 °C for 4-8 hours until the OD 600 reached 0.8. The temperature was lowered to 18 °C for induction with 0.25% (w/v) arabinose and the biomass was collected after overnight growth by centrifugation. The pellet was resuspended in PBS buffer, lysed by sonication, and centrifuged at 14,000 rpm for 45 min. The resulting supernatant was incubated with Ni-NTA agarose for 1 h at 4 °C. TSP3 was purified by Ni affinity gravity-flow chromatography, and dialyzed in Tris-HCl buffer (pH 7.5). Production and purification of TSP3 containing selenomethionine (SeMet) followed the same protocol except that the cells were grown in SeMet medium (Molecular Dimensions Limited) supplemented with 40 mg/L SeMet.
Site-directed mutagenesis. Plasmids (Table S2 ) harboring the TSP3 mutants were constructed using the QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies). Primers (Table S3 ) were designed to include mutations in the middle of 30 nucleotide phosphorylated forward primer, with the phosphorylated reverse primers complementary to the next 30 nucleotides upstream. The resulting PCR products were digested by DpnI to remove the methylated templates, ligated and transformed into E. coli DH5ɑ. The mutations were confirmed by nucleotide sequencing (Macrogen, USA) before being transformed into E. coli BL21(DE3) for protein expression.
Analytical size-exclusion chromatography. The multimeric state of recombinant TSP3 was determined by analytical size-exclusion chromatography. The protein was applied to a pre-equilibrated Superose 6 column (GE Healthcare) and run under isocratic conditions in PBS for 1.5 column volumes on an AKTA FPLC system (GE Healthcare). The molecular mass of TSP3 was estimated from a standard curve generated by linear regression of log (molecular mass) vs. retention volume using gel filtration standards (Bio-Rad). 
